ABSTRACT Zinc (Zn) is one of the most abundant metals and is essential for life. Through ligand interactions, often with thiolate from cysteine residues in proteins, Zn can play important structural roles in organizing protein structure and augmenting protein folding and stability. However, it is difficult to separate the contributions of Zn-ligand interactions from those originating from intrinsic protein folding in experimental studies of Zn-containing metalloproteins, which makes the study of Zn-ligand interactions in proteins challenging. Here, we used single-molecule force spectroscopy to directly measure the mechanical rupture force of the Zn-thiolate bond in Zn-rubredoxin. Our results show that considerable force is needed to rupture Zn-thiolate bonds (~170 pN, which is significantly higher than the force necessary to rupture the coordination bond between Zn and histidines). To our knowledge, our study not only provides new information about Zn-thiolate bonds in rubredoxin, it also opens a new avenue for studying metal-ligand bonds in proteins using single-molecule force spectroscopy.
INTRODUCTION
Zinc (Zn) is one of the most abundant, pervasive, and important metals in life. There are~2800 Zn(II)-binding human proteins, constituting~10% of the proteome (1) (2) (3) (4) (5) . Zn is a nonredox metal that plays important structural roles in metalloproteins. By interacting with its ligands, the Zn site plays an important structural role in proteins, organizing tertiary and quaternary structures, and augmenting protein folding and stability (5, 6) . Thus, understanding the interactions between Zn and its protein ligands (mainly the side chains of amino acid residues) is imperative for elucidating the structural role of Zn in proteins and how nature uses different metals to accomplish different functions.
Studies using traditional coordination chemistry methods to examine metalloproteins and simple synthetic analogs (structural mimics) have provided tremendous insights into Zn-ligand interactions at the ensemble level, including the metal-binding free energy, affinity, selectivity, and the bond dissociation/association rate (6) (7) (8) (9) (10) (11) . However, in studies of metalloproteins, the energetic contributions from Zn-ligand interactions are inevitably mixed with those from the protein itself, which makes it difficult to elucidate the physical properties of Zn-ligand interactions in proteins (8) . However, over the last two decades, the development of single-molecule force spectroscopy techniques has provided a promising new avenue for investigating such metal-ligand interactions.
The atomic force microscopy (AFM)-based force spectroscopy technique is a simple but powerful experimental tool for investigating the mechanical and kinetic properties of chemical bonds along a reaction coordinate predefined by the applied force (12) (13) (14) . By applying a stretching force to the chemical bond of interest, one can accelerate the bond dissociate rate exponentially (15, 16) , leading to the mechanical rupture of the chemical bond. By measuring the mechanical rupture force of chemical bonds, one can determine their mechanical stability and unbinding kinetics. Over the last two decades, many different types of chemical bonds and interactions, including covalent bonds and coordination bonds, have been studied by AFM (13, 17, 18) . These efforts have paved the way for the rapid development of mechanochemistry (13, 19, 20) . Investigators have mainly examined interactions between Zn and its ligands using a nitrilotriacetic acid (NTA)-His-tag system (21-23); however, Zn-ligand interactions in Zn-containing metalloproteins remain largely unexplored.
In a recent study, we combined single-molecule AFM and protein engineering techniques to investigate ferric (Fe)-thiolate bonds in a simple metalloprotein, rubredoxin (RD) (24) . We discovered that the highly covalent Fe-thiolate bond is mechanically labile and ruptures at forces well below those of typical covalent bonds. In this study, we demonstrated the feasibility of studying metal-ligand bonds in proteins. Moreover, because RD can accommodate a wide variety of metal ions (25) , this study also established a valuable platform for investigating different metal-thiolate bonds in proteins. Here, we used this methodology to investigate Zn-thiolate bonds in RD as part of our efforts to understand the mechanical stability of metal-ligand coordination bonds in metalloproteins, particularly for biologically relevant metals such as Zn.
We chose Zn-substituted RD from Pyrococcus furiosus (Zn-pfRD) as a model system for studying the mechanical stability of Zn-thiolate bonds in metalloproteins. The wild-type RD is a soluble Fe-S protein with low molecular mass (~6 kDa). It contains one Fe ion coordinated with four cysteine residues arranged within two CXXC chelating Submitted June 10, 2011, and accepted for publication August 9, 2011. motifs (26) . When RD is overexpressed in Escherichia coli, a considerable amount of Zn-substituted RD is naturally produced (27) . The structure of Zn-pfRD, revealed by NMR and x-ray diffraction techniques, shows a metalbinding site ( Fig. 1 A) identical to that in Fe-pfRD (28, 29) . Of interest, the coordination geometry of the ZnS 4 site in Zn-RD is highly similar to that of naturally occurring Zn-containing proteins, despite differences in their global folds. For example, alcohol dehydrogenase, DNA polymerase II, and the Ada DNA repair protein all have this ZnS 4 center with similar tetrahedral geometry, in which the four cysteines residues are arranged into two CX n C motifs (n ¼ 2-4) (4, 7, 8, 30, 31) . Fig. 1 , Zn-RD is the predominant form of the total expressed RD (33) . Thus, a chromatographic separation step of Zn-RD from Fe-RD can be avoided. The resultant protein solution is colorless, and the UV-Vis spectrum does not show noticeable absorbance at 494 nm, confirming that Zn-RD is the dominant form of RD.
UV-Vis spectroscopy was used to quantitatively determine the purity of the Zn-pfRD (NanoDrop ND-1000 UV-Vis spectrometer; Thermo Scientific, Wilmington, DE). The overall protein concentration can be estimated from the sum of the extinction coefficient of GB1 (8. ). Our measurements show that the purity of Zn-form RD is >90%.
The protein solution was buffer-exchanged and concentrated tõ 8 mg/mL in Tris buffer (Tris-(hydroxymethylaminomethane) at pH 7.4 using a 9K MWCO pierce concentrator (Thermo Scientific). We constructed the polyprotein (Zn-pfRD-GB1) n using thiol-maleimide coupling chemistry by reacting Cys-pfRD-GB1-Cys with BM(PEO) 3 (1, 8-bismaleimido-(PEO) 3 ; Molecular Biosciences, Boulder, CO) as previously reported (34).
Single-molecule AFM experiments
All single-molecule AFM experiments were performed on a custom-built AFM at room temperature. We calibrated each MLCT Si 3 N 4 cantilever (Bruker, Santa Barbara, CA) in solution before each experiment, and determined the spring constant (typically~40 pN/nm) using the equipartition theorem. All experiments were done in 100 mM Tris buffer at pH 7.4 and at a pulling speed of 400 nm/s unless otherwise indicated.
In a typical experiment, 2 mL of the polyprotein solution (2 mg/mL) were deposited onto a clean glass coverslip covered by~50 mL buffer and allowed to equilibrate for~15 min before the AFM experiments were initiated.
Monte Carlo simulations
The dissociation process of the Zn-thiolate bond can be modeled as a twostate dissociation process with force-dependent rate constants. We estimated the dissociation rate constant a 0 at zero force and the distance Dx u between the bound and transition states using Monte Carlo simulations according to published procedures (35, 36) . Because Zn-RD contains two CXXC Zn chelation sites (C5XXC8 and C38XXC41), the mechanical rupture of the two Zn-thiolate bonds from either CXXC site will lead to the complete unfolding of Zn-RD. Thus, the two sets of force-bearing Zn-thiolate bonds in Zn-RD can be considered to be arranged in series. This special feature, which is different from typical proteins, was taken into account in the Monte Carlo simulation. 
RESULTS

Mechanical stability of Zn-thiolate bonds in the ZnS 4 center
When studying the mechanical stability of proteins using single-molecule AFM, investigators frequently use polyproteins to unambiguously distinguish single-molecule unfolding events from those of nonspecific interactions (37, 38) . Thus, the polyprotein (Zn-pfRD-GB1) n was constructed to measure the mechanical stability of Zn-thiolate bonds, where the well-characterized GB1 domains serve as a fingerprint for identifying single-molecule unfolding events of Zn-pfRD, as well as an internal force caliber (39, 40) .
Stretching the polyprotein (Zn-pfRD-GB1) n results in force-extension curves with a characteristic sawtooth-like pattern (Fig. 2 B) . Each individual force peak in the curve corresponds to the mechanical unfolding of an individual domain in the polyprotein, with the last peak typically corresponding to the stretching and subsequent detachment of the fully extended polyprotein chain from either the AFM tip or the glass coverslip. Fitting the worm-like chain model of polymer elasticity (Fig. 2, dotted lines) (41) to the unfolding force peaks revealed that unfolding events show two different populations of contour length increment (DLc): one that exhibits a DLc of~18 nm and one with a DLc of 13 nm (Fig. 3 A) . The mechanical unfolding of GB1 has been studied in great detail and is characterized by a DLc of~18 nm (39, 40) . Thus, the unfolding events of DLc of 18 nm can be attributed to the unfolding of GB1 domains. Accordingly, unfolding events with a DLc of~13 nm can be attributed to the unfolding of Zn-pfRD. As we showed previously (24) , the unfolding of the apo-form of RD occurs at forces below our detection limit (~20 pN). Hence, the unfolding of Zn-pfRD can be attributed to the rupture of the ZnS 4 center in Zn-pfRD, and the unfolding force of ZnpfRD unfolding events reflects the mechanical stability of the Zn-thiolate bonds. This corresponds to 172 5 58 pN (average 5 standard deviation, n ¼ 516) at a pulling speed of 400 nm/s (Fig. 3 B) .
The average value of DLc for the unfolding of Zn-pfRD (12.8 5 1.0 nm; Fig. 3 A) is in close agreement with that expected from the breaking of the ZnS 4 center and the subsequent unfolding of Zn-pfRD. As shown in Fig. 1 C, rupture of Zn-thiolate bonds in Zn-pfRD will lead to the exposure of~37 residues between Cys-5 and Cys-41, which are shielded from the stretching force by the intact ZnS 4 center. Thus, a DLc of 12.4 nm (37 aa Â 0.36 nm/aa -0.9 nm) is expected for the rupture of the ZnS 4 center, consistent with experimental results. Additionally, this DLc value for the rupture of ZnS 4 is the same as that of the rupture of FeS 4 in Fe-pfRD (24), as Fe-pfRD and FIGURE 2 Mechanical unfolding of the polyprotein (Zn-pfRD-GB1) n via single-molecule AFM. (A) Schematics of polyprotein (Zn-pfRD-GB1) n stretching between cantilever and solid substrate. Zn-pfRD and GB1 are colored in dark and light colors, respectively. (B) Typical forceextension curves for the unfolding of the polyprotein (Zn-pfRD-GB1) n in which Zn-thiolate bonds are ruptured. The curves show characteristic sawtooth-like patterns. The unfolding force peaks can be fitted well using the worm-like chain model of polymer elasticity (dotted lines). Two populations of unfolding events are observed with different contour length increments. The unfolding events corresponding to a DLc of~18 nm (colored in black) are from the mechanical unfolding of the fingerprint GB1 domains. Thus, the other unfolding events of DLc~13 nm (colored in light color and indicated by *) can be attributed to the unfolding of Zn-RD, which is triggered by the rupture of Zn-thiolate bonds. 
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Zn-pfRD share a metal-binding geometry (28, 29) . Despite this structural similarity, it is notable that the mechanical stability of Zn(II)-thiolate bonds in pfRD is lower than that of Fe(III)-thiolate bonds in pf-RD (~210 pN), but slightly higher than that of Fe(II)-thiolate bonds (~150 pN) under similar experimental conditions (24).
The transition state for the mechanical rupture of Zn-thiolate bonds is 1.4 Å away from the bound state
As shown in Fig. 3 B, the rupture force of the ZnS 4 center shows a broad distribution, reflecting the stochastic nature of the thermally assisted mechanical rupture of Zn-thiolate bonds. The Bell-Evans model (15, 16) shows that the width of the unfolding force distribution is mainly determined by the distance between the bound state and the mechanical rupture transition state (Dx u ), whereas the average rupture force is determined by the energy barrier for bond rupture as well as the Dx u .
In the experiments presented here, the mechanical rupture of the ZnS 4 center is not at equilibrium, as the stretching and relaxation traces show pronounced hysteresis (Fig. 4 A) . Therefore, the mechanical rupture force is dependent on the pulling velocity. The higher the pulling velocity, the higher is the mechanical rupture force (Fig. 4 B) , a behavior that is similar to the mechanical unfolding of proteins as well as the rupture of a variety of chemical bonds (16, 18, 19, 42) .
Because there is no analytical solution for the unfolding force distribution or its pulling speed dependence measured for polyproteins from force-extension experiments, we used a well-established Monte Carlo simulation protocol (35) to replicate the mechanical rupture of Zn-thiolate bonds and the unfolding of Zn-pfRD. We found that the rupture force histogram and the pulling speed dependence of the mechanical rupture force can be well described by a spontaneous dissociation rate constant a 0 of 0.10 s À1 at zero force and a Dx u of 0.14 nm. To illustrate the relative error within obtained values of a 0 and Dx u , we also show Monte Carlo simulation data generated with different a 0 and Dx u (Fig. 4 B) .
Of note, the relatively large dissociate rate constant (0.10 s À1 ) for Zn-thiolate bonds in RD is consistent with the reported kinetic lability of the ZnS 4 site (0.15 s À1 ) (8, 43, 44) . In fact, only a few Zn tetra-alkylthiolate complexes, which serve as a model for the structural site of the ZnS 4 site in Zn metalloproteins, have been chemically synthesized and characterized. All of these analogs are coordinated by bidentate ligands or within a peptide structure (43, 45, 46) . The big contrast between the small number of Zn tetra-alkylthiolate complexes presently synthesized versus commonly observed ZnS 4 centers in proteins suggests that the protein environment may play a more important role in stabilizing the ZnS 4 center than does Zn(SCH 2 R) 4 , possibly by reducing the entropy that occurs when four ligands are brought together to form the ZnS 4 center.
Mechanically ruptured Zn-thiolate bonds can readily reform
In contrast to synthetic analogs that mimic metal centers in proteins, metalloproteins possess the unique ability to spontaneously fold and form their corresponding metal center. In principle, the ZnS 4 center in Zn-pfRD should be able to reconstitute spontaneously after unfolding. However, the nature of the broken Zn-thiolate bonds remains unknown, with no free Zn 2þ in solution after unfolding. If all four Zn-thiolate bonds break during the mechanical rupture process, Zn 2þ could diffuse away and prevent the reconstitution of the ZnS 4 center. If Zn 2þ remains attached to one or more cysteine residues after mechanical rupture is completed, it is possible that the ZnS 4 center can be reconstituted.
To examine these possibilities, we carried out singlemolecule refolding experiments by repeatedly stretching and relaxing the same (Zn-pfRD-GB1) n polyprotein for multiple cycles, as shown in Fig. 5 . In curve a, the presence of the unfolding event with DLc of 13 nm indicates that one Zn-pfRD domain was unfolded and its ZnS 4 center ruptured. After it was relaxed to zero extension for 1 s, the polyprotein chain was stretched again. In the resultant force-extension curves (curves b and c), the unfolding event with a DLc of Biophysical Journal 101(6) 1467-1473
13 nm is observed, suggesting that the unfolded Zn-pfRD domain managed to refold and the ZnS 4 center reconstituted. This result suggests that the broken Zn-thiolate bonds can indeed reform to reconstitute the ZnS 4 center. Additionally, it is likely that after mechanical rupture, at least one Zn-thiolate bond remains intact. This result agrees with previous research indicating that binding of Fe(II) to two cysteines at one CXXC loop is the first step in the complete reconstitution of the FeS 4 center in RD (47) . In curve d of Fig. 5 , we can see that the Zn-pfRD domain failed to show an unfolding peak of DLc ¼ 13 nm, suggesting that the ZnS 4 center failed to reconstitute for this Zn-pfRD domain. We are currently investigating the reconstitution kinetics of ZnS 4 using a well-established doublepulse, single-molecule AFM protocol (36, 40) .
DISCUSSION
Comparing the mechanical stabilities of Zn-S and Zn-N bonds
In this study, we used single-molecule AFM techniques to directly measure the rupture force of the Zn-S (Zn-thiolate) bond (~170 pN). To our best knowledge, this is the first direct measurement of the mechanical strength of Zn-thiolate bond. Most measurements of coordination bonds involving Zn have focused on Zn-N bonds using an NTA-his-tag system (21) , largely due to the ease of preparing such systems for single-molecule AFM experiments. In contrast to these prior measurements, our study reveals unambiguous, single-molecule stretching signatures, and hence provides a general methodology to investigate the mechanical strength of metal-thiolate bonds in a protein environment.
It is noted that the mechanical rupture force of Zn-thiolate bonds is significantly higher than the reported rupture force for Zn-N (Zn-histidine) bonds (~30 pN) (13, 21) . This difference may be explained by the chemical nature of Zn-S and Zn-N bonds. It is well known that Zn(II)-ligand bonds are dominated by electrostatic interactions and have a small degree of covalency (43) . Thus, stronger bonding is expected for Zn(II) and negatively charged anionic thiolate ligands than for Zn(II) and the neutral histidine ligand. This difference gives rise to the higher mechanical stability found for Zn-thiolate bonds.
The difference in mechanical stability between Zn-N and Zn-S bonds may also have implications for the structural role of the CXXC motif in metalloproteins. It is known that the ZnS 4 site, which is coordinated by four thiolate ligands, mainly plays a structural role in proteins (3, 48) . Additionally, the CXXC motif, which contains a pair of cysteines, is widely present alongside histidine ligands within Zn-containing proteins. For example, one CXXC motif and one HXXH motif form the best-known metalcoordinating pattern in the classic Zn finger protein as the C 2 H 2 site (1, 5, 49) . Considering the low mechanical stability of Zn-N bonds (Zn-histidine), it is likely that the Zn-thiolate bonds in the CXXC motif help connect specific parts of the protein together, providing rigidity to the center so that it can function as an important structural motif.
Comparison of Zn-thiolate bonds and Fe-thiolate bonds
Our study lends to an interesting comparison between Znthiolate bonds and Fe-thiolate bonds in RD. In Zn 2þ , the d-orbital is completely filled. Thus, the Zn-thiolate bond is largely dominated by electrostatic interactions. In contrast, Fe-thiolate bonds are highly covalent due to the large degree of electron sharing between the tetrathiolate ligand and Fe 3þ (43, 50) . Despite the different natures of Zn-thiolate and Fethiolate bonds, their mechanical stabilities are similar, suggesting that covalency is not the determining factor in the mechanical stability of these bonds.
It is also of note that the distance to the rupture transition state Dx u of Zn-thiolate bonds (0.14 nm) is longer than that of Fe bonds (0.11 nm). The longer Dx u suggests that Znthiolate bonds can tolerate longer bond separation upon dissociation, and the mechanical rupture force is less sensitive to the pulling velocity. However, it remains to be established whether this difference in Dx u can be explained by the variation in bond nature between these two metal-thiolate Four consecutive stretching and relaxation curves of (Zn-pfRD-GB1) n . The unfolding event of Zn-pfRD is colored in gray. In curve a, one Zn-pfRD unfolding event was observed. After relaxation to zero force, the polyprotein was again stretched. In curves b and c, the Zn-pfRD unfolding event was again observed, suggesting that the Zn-thiolate bonds reformed in the Zn-pfRD domain. In contrast, in curve d, the Zn-thiolate bonds did not reform and the ZnS 4 center failed to reconstitute, as evidenced by the lack of the unfolding event of DLc of~13 nm.
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bonds. In the same vein, it will be important to delineate the molecular/atomic determinants for mechanical properties (including mechanical rupture force, dissociation rate constant at zero force, and distance to the rupture transition state Dx u ) of metal-thiolate bonds in metalloproteins using different metal-substituted RDs (25) . The methodology reported here proves that such endeavors are possible.
CONCLUSION
In this work, we used single-molecule AFM to directly probe the mechanical stability of the Zn-thiolate bond in Zn-pfRD. We found that Zn-thiolate bonds rupture at 170 pN, which is considerably larger than the rupture force of the coordination bond Zn-N (Zn-histidine). We also observed that the ZnS 4 center can be reconstituted spontaneously after the mechanical rupture of Zn-thiolate bonds in Zn-pfRD. To our knowledge, this study provides new information about the Zn-thiolate bond in proteins and opens a new avenue for studying metal-ligand bonds in proteins using single-molecule AFM.
